Introduction
Marine invertebrates, echinoderms, mollusks, tunicates, annelids and others, are ideal organisms for fertilization studies because many release their sperm and eggs freely into the water column and their gametes are easy to collect and experimentally manipulate. Because these animals are free spawning, there are relatively few behavioral barriers to mating between species. Closely related species are often reproductively isolated by species-specific fertilization patterns, at equivalent gamete concentrations the eggs of species A are more easily fertilized with sperm of species A than with sperm of species B. This specificity is a result of molecular recognition, the binding of sperm proteins and cognate egg surface receptors. These types of molecular recog- (Swanson and Vacquier, 2002) . This rapid divergence could alter patterns of mate-choice within species and ultimately cause the evolution of sperm-egg incompatibility between species. These are important areas of inquiry because the simple nature of gamete recognition systems may allow us to answer questions about the process of speciation and adaptation that are not tractable in more complex systems. (Palumbi 1992) .
Molecular recognition events at fertilization have been intensively studied in sea urchins and abalone, and studies of other externally fertilizing marine invertebrates are now taking form. In sea urchins, sperm egg recognition is controlled by bindin, a protein released from the acrosomal vesicle (Vacquier, et al., 1995;  see article by Zigler in this issue), and EBR1, a large egg surface glycoprotein (Kamei and Glabe, 2003) . Bindins from tropical sea urchins of the genus Echinometra mediate the species-specific attachment and fusion of sperm to egg (Glabe and Vacquier, 1977 , Landry et al., 2003 , McCartney and Lessios, 2004 , Metz and Palumbi, 1996 , Metz et al., 1994 , Palumbi and Metz, 1991 . Sea urchin species each have their own particular bindin sequence, and bindin is sometimes polymorphic within species (Biermann, 1998 , Metz et al., 1998a , Zigler and Lessios, 2003a , Zigler and Lessios, 2003b , Zigler and Lessios 2004 , Zigler et al., 2005 . In abalone (Haliotis), sperm gain entry to the egg by releasing an acrosomal protein (lysin) that makes a hole in the egg vitelline envelope (VE) by a species-specific, non-enzymatic mechanism (Kresge et al., 2001) . Lysin binds to VERL the VE receptor for lysin (Galindo et al., 2003 , Swanson and Vacquier, 1997 . Another abalone sperm acrosomal protein (sp18) fuses the sperm and egg membranes by binding an unknown receptor Vacquier, 1995a, 1995b) . The sequences of both of these abalone sperm proteins are subject to strong divergent selection between species, but both are nearly monomorphic within species (Metz et al., 1998b) . In Mytilus blue mussels, sperm acrosomal lysins dissolve the mussel egg VE (Takagi et al., 1994) . One of these proteins, Lysin-M7, evolves rapidly and is subject to positive selection between species (Riginos and McDonald, 2003) and within M. galloprovincialis (Riginos et al., 2006, Springer and Crespi, 2007) . Although there are species-specific sequence differences in these sea urchin, abalone and mussel sperm proteins, the number of different sequences within a species is small. One abalone species has a duplicated lysin gene (Clark et al., 2007) , and Mytilus has three related lysin genes (Takagi et al., 1994) , but genes coding for sperm acrosomal proteins are typically single copy with alleles that can be distinguished by PCR.
In contrast, sperm bindin of the commercial oyster Crassostrea gigas has remarkable sequence variation within individuals and within the species. The use of the word "bindin" for both sea urchin and oyster sperm acrosomal proteins relates only to their role in adhering sperm to eggs, there is no ancestral relationship between the bindin genes of these two groups. Oyster bindin is subject to combinatorial mechanisms, recombination and alternative splicing, that create remarkable protein sequence variation. Within C. gigas, there are hundreds, potentially thousands, of different sequences of the bindin protein. In this article, we review our work on the diversity of oyster sperm bindin and its role in fertilization.
Oyster fertilization
Crassostrea gigas do not have testes as distinct organs. Spermatocyte stem cells proliferate and differentiate in response to warm water and ample nutrition, and when the shells are opened the mass of sperm can be scraped away from the internal organs and dispersed in seawater. The ultrastructure of fertilization is conserved across many of the bivalve species that have been studied (Hylander and Summers, 1977, Togo and Morisawa, 1999) . Transmission electron micrographs of oocytes show that a vitelline envelope (VE) adheres to the oocyte plasma membrane. Microvilli extend from the oocyte surface through the VE, their tips covered with fibrous material. Oyster sperm have a round head containing a ring-shaped acrosomal vesicle about 1 µm in diameter (Fig. 1) . When the acrosome undergoes exocytosis, a ring of adhesive bindin protein is exposed that attaches the sperm to the tips of egg microvilli protruding through the VE. The finger-like acrosomal process extends by actin polymerization through the ring of bindin, and the newly exposed sperm plasma membrane covering the acrosomal process then fuses with the oocyte membrane.
Isolation of acrosomal rings of bindin
The methods presented here are a summary of those described by Brandriff et al. (1978) and Moy et al. (2008) . Sperm are obtained and washed into filtered seawater (containing 10 mM MES, pH 6.0; MES-SW) by sedimentation at 1,000 xg (15 min) and resuspension with a spatula in fresh 25-100 vol MES-SW (all procedures are at 4°C). The last wash contains 0.2 mg/ml soybean trypsin inhibitor (SBTI) and 5 mM benzamidine to block serine proteases. Between 1 and 5 ml of packed, washed sperm are resuspended in lysing medium (10 mM sodium acetate, 10 mM benzamidine, 0.2 mg/ml SBTI, 10 mM MES, pH 6.0) by hand stirring with a spatula. Then, while vigorously stirring, a 10% w/v solution of sodium lauryl sarkosyl is added to a final concentration of 0.5%. The sperm suspension gels when the detergent releases the nuclear DNA. The DNA gel is degraded by homogenization in a Waring Blender, or by a glass ball homogenizer. The low viscosity homogenate is then centrifuged 26,000 xg for 60 min. The pellet of acrosomal rings (AR) is resuspended in fresh lysing buffer with 0.5% sarkosyl and rehomogenized with a 10 ml glass ball tissue grinder. To solubilize the molluscan "sperm nuclear basic protein" of 34-kDa (Eirin-Lopez et al., 2006) away from the insoluble AR, the AR pellet is extracted with 25-100 vol lysing buffer containing 0.6 M KCl without sarkosyl. The isolated AR are then resedimented and resuspended in fresh lysing buffer without sarkosyl and phase contrast microscopy performed at ~1200 x magnification. The isolated AR appear as rings when viewed by phase contrast or transmission electron microscopy ( Fig. 2; The preparation for electron microscopy is described in Brandriff et al., 1978) .
Early work showed that isolated AR agglutinate unfertilized oocytes (Brandriff et al., 1978) . Digestion of oocytes with trypsin, followed by inhibition of the enzyme with SBTI, and removal of the digested oocytes, yielded a glycopeptide digest of the egg surface. Preincubation of isolated AR with this digest destroyed the ability of the AR to agglutinate oocytes, suggesting that the AR acted in a lectin-like manner by binding to carbohydrate residues on oocyte surface glycoproteins. Chemical analysis indicated that the AR were as much as 16% carbohydrate by dry weight, indicating that oyster bindin was probably itself a glycoprotein (Brandriff et al., 1978) .
Mass variation in oyster bindin
SDS-polyacrylamide gel electrophoresis of the proteins contained in isolated AR yielded surprising results. From any one male, AR are composed primarily of one or two Coomassie blue staining bands of , but which of these proteins are present depends on the individual (Fig. 3) . The most common are the 48-and 63-kDa proteins that had been previously found in oyster sperm AR by Brandriff et al. (1978) . The least common are the 35-and 88-kDa proteins. Bands of the 63-kDa protein were excised from gels and inoculated into rabbits for antibody production by standard methods. The rabbit antiserum, and preimmune serum, was stored at -70°C as cell-free plasma. To show that the differences in relative molecular mass are not due to protease degradation during AR isolation, sperm from individual males were solubilized in 10% SDS at 100°C. Five bands migrating at 35-, 48-, 63-, 75-and 88-kDa reacted with the antibindin serum on western blots (Fig. 3) . These antibindin reacting proteins differed from each other by approximately 12-15-kDa. Preimmune serum did not react with any oyster sperm protein.
cDNA sequences of oyster sperm bindin
Tens of milligrams of AR were isolated and the Coomassie blue staining bindin bands electro-transferred to PVDF membrane for amino acid sequencing. Three of these five AR proteins (48-, 63-and 88-kDa) were sequenced and found to have identical Nterminal amino acid sequences. Internal amino acid sequences of the 48-kDa band were obtained and oligonucleotide primers were designed. cDNA was synthesized from total RNA extracted from spermatogenic tissue of individual male oysters. Full-length bindin sequences were generated by 5' and 3' RACE, and primers were then designed to amplify the entire coding region of bindin. Standard PCR reactions were performed and the PCR products cloned. A total of 39 full-length bindin cDNA sequences were obtained from 16 males from 5 oyster culture facilities in: Oregon State (OR), Washington State (WA), Japan (JP), Brazil (BZ) and New Zealand (NZ) (Moy et al., 2008) .
Sequencing these clones showed that oyster bindin contains a fucose-recognizing lectin domain (F-lectin) of 134 amino acids. The oyster sperm F-lectin is 45% similar to the F-lectin fold consensus sequence in the protein domain database (smart00607). Bindin proteins differ from each other because of the number of F-lectin domains they contain: mature bindin proteins with one F-lectin domain are 35-kDa, those with two domains are 48-kDa, three are 63-kDa, four are 75-kDa and five are 88-kDa (the calculated protein mass is 86,944 Da). The bindin sequences are deposited in GenBank under accession numbers EF219425-EF219429. The full-length sequence of a bindin cDNA with five tandem F-lectin domains is in Fig. 4 . From amino-to carboxyl-terminus there is a 24 amino acid signal sequence (M1 to G24), followed by a mature N-terminus from A25 to Q122. BLAST searches show that the N-terminus sequence has no relationship to any known protein. In Fig. 4 , the first F-lectin domain is from V123 to N260, other figures are numbered relative to the start of each F-Lectin repeat. Internal F-lectin repeats are separated by a spacer peptide of PGAK or PGAKGK. The last residue of the last F-lectin repeat (in Fig. 4 , G808) is immediately followed by the stop codon. There is a 3'UTR of approximately 250 bases before the polyA+ tail. Presumably, this sperm lectin recognizes an egg surface glycoprotein receptor with exposed fucose residues and that this molecular affinity bonds the sperm to the egg.
Oyster bindin is a single copy gene
Genomic DNA was isolated from seven diploid Oregon male Crassostrea gigas sperm cells. The DNA was digested with three restriction enzymes that do not cut within the cDNA. Southern blots were prepared by standard methods and hybridized with a radiophosphate-labeled probe to either the F-lectin repeat, or the 3'UTR (Moy et al., 2008) . In all males, the 3'UTR probe hybridized to a maximum of two DNA fragments per individual, suggesting that bindin is a single copy gene (Fig. 5) . The probe of the F-lectin repeat, hybridized to 4-10 DNA fragments. Of the seven diploid individuals no two had the identical pattern of hybridization with the repeat probe. This suggests that there is an intron within the F-lectin repeat containing restriction sites recognized by these three enzymes (Fig. 5) . To be certain that gene rearrangement did not occur in the bindin gene in sperm, Southern blots were done on sperm, gill and mantle DNA from one male. The patterns of hybridization with these probes on these three DNAs were identical, showing that rearrangement of the bindin gene in spermatocytes does not occur (data not shown). We tentatively conclude that oyster bindin is a single copy gene containing 1 to 5 tandem F-lectin repeats in the genomic DNA.
Alternative splicing and size variation of oyster bindin cDNAs
cDNA was synthesized from total RNA isolated from the spermatogenic cells of a single male. PCR with a forward primer located at the extreme 5' terminus and a reverse primer in the 3'UTR amplified the entire bindin cDNA. PCR products were TOPO cloned and minipreps made from individual colonies. Restriction analysis of these plasmids showed that each individual male contains multiple bindin cDNAs with between 1 and 5 F-lectin repeats (Fig. 6 ). The sequences of these plasmids confirm that a full bindin cDNA is present in each. The number of Flectin repeats in each genomic bindin allele is unknown, but sequence variation suggests one way for cDNAs with different numbers of repeats to be produced is by alternative splicing of the primary transcript (Table 1 ; repeats are labeled according to Fig.  7 ). In the 39 full-length cDNAs sequences that we have obtained Fig. 7 . The intron where recombination occurs is between each two contiguous letters. Dashes separate repeats at the locations of alternative splicing.
from 16 males collected in 5 worldwide locations we have found 9 cDNAs with one repeat, 7 with two repeats, 12 with three repeats, 7 with four repeats and 4 with five repeats. Patterns of alternative splicing between repeats are shown in Tables 1 and 2 .
Recombination and sequence variation in F-lectin repeats
In our collection of 107 F-lectin repeats there are 41 with unique amino acid sequences. The diversity of repeat sequences is remarkable, using identical sequencing techniques we found only five amino acid substitutions (out of 4,315 amino acid residues) in the N-terminal region of these 39 full-length bindins. An alignment of the 41 F-lectin repeat sequences was analyzed for evidence of recombination (Kosakovsky et al., 2006) . Within each repeat there is one site, between residues 67-68, where recombination occurs (Fig. 7) . Sequence from genomic DNA showed that there is a large phase 0 intron at exactly this position in each repeat. Dividing the repeats at the recombination site shows that in the 107 repeats there are 24 unique N-terminal halves; these sequences group into 5 clades (A-E) representing 5 commonly 
Fig. 5 (Right). Southern blots of sperm DNA of two males (A and B) digested with three restriction enzymes (Ava I, Hind III, EcoR I) that do not cut within the bindin cDNA.
Blots were hybridized with radiophosphate labeled probes to either a full length F-lectin repeat (Repeat), or to the C-terminal half of the last repeat and 3'UTR (3'UTR). When cut with Ava I, Hind III, and EcoR I, the 3'UTR probe gave a maximum of two bands of hybridization. These data suggest that oyster bindin is a single copy gene. Of seven diploid males, no two had identical hybridization patterns to the repeat probe; some males reacted with as many as 10 DNA fragments. 6 . Five bindin cDNAs from a single individual. Total RNA was isolated from spermatogenic cells from one male, cDNA was synthesized and a PCR reaction performed with primers that amplify the entire bindin sequence. The PCR product was cloned into pCR-XL-TOPO (Invitrogen) and individual clones were randomly picked and grown in liquid medium. Isolated plasmid DNA was cut with EcoR I, and the fragments separated on agarose gels. The ethidium bromide stained bands show the vector at 3.5kb and the inserts representing full-length cDNAs with from 1-5 Flectin repeats. Each male contains a pool of alternatively spliced mRNA, with bindins containing from 1 to 5 F-lectin repeats. Figure from 
PATTERNS OF RECOMBINATION AT THE F-LECTIN REPEAT INTRON
Pairwise associations between the 5' and 3' halves of the F-lectin repeats. Clade definitions are shown in Fig. 7 sampled alleles and their mutational variants. There are 18 unique C-terminal halves of repeats that organize into 3 clades (Fig. 7) . Patterns of recombination between the N and C-terminal halves of repeats are shown in Table 3 .
Positive selection in oyster bindin
Maximum likelihood methods of detecting selection (Yang, 1997) find four positions in the N-terminal half repeat (residues 23, 40, 65 and 66, estimated dN/dS = 6.0), and five positions in the Cterminal half repeat (residues 121, 123, 125, 127, and 134, estimated dN/dS = 5.0) that have been subject to positive selection (Table 4) . A dN/dS of 1.0 indicates neutral evolution, amino acid substitutions occur at the same rate (dN) as silent substitutions (dS), a dN/dS ratio greater than 1.0 indicates positive selection (amino acid changes accumulate more rapidly than silent changes) a ratio below one indicates purifying selection. The sequences of bindin F-lectin repeats were threaded onto the crystal structure of the Streptococcus pneumoniae F-lectin protein (Lambert et al., 2002 , Boraston et al., 2006 . Eight of the nine positively selected positions cluster in the fucose-binding region of the structure (Fig. 8) . These eight residues surround the three residues (H37, R64 and R70) that are diagnostic for fucose binding (Bianchet et al., 2002) . Polymorphic sites, (those with substitutions observed in more than one of our bindin sequences) and singleton sites (those with substitutions observed only once in our data set) do not spatially cluster on the structure (Fig.9) . Positive selection indicates a history of adaptive amino acid changes in bindin. Clustering of these adaptive changes around the fucose-binding site suggests that the selective advantage may have come from their effect on the affinity between sperm 
LIKELIHOOD RATIO TEST OF POSITIVE SELECTION IN CRASSOSTREA BINDIN REPEATS
Each half-repeat, amino acids 1-67 and 68-134, has n sequences. S the treelength in nucleotide substitutions per codon. dN/dS is the average ω estimated over sites and branches using a oneratio model. (Table 3) . Numbers in the left and right columns show the number of times a particular half-repeat was sampled. The N-terminal halves (1-67) form five clades (A-E) and the C-terminal halves (68-134) form three clades (X-Z) based on major frequency alleles and their mutational variants. Dark grey boxes indicate the alternative splice combinations at the repeat boundaries, black boxes show combinations where splicing was not observed (Table 2) .
bindin and its egg surface receptor.
Lectins and sperm-egg interaction
A wealth of papers published over the past 40 years, investigating many different species, shows that the binding of sperm to eggs is often mediated by lectin-like molecular affinity interactions, where a carbohydrate on one gamete binds to a protein on the other gamete. Oyster bindin and mussel lysins have protein folds that resemble carbohydrate binding lectins. Mussel Lysin-M7 resembles the carbohydrate recognition domain of C-type lectins (Springer and Crespi, 2007) . The fold of oyster bindin is similar to the F-lectin family of fucose binding lectins. The most well known F-lectin is that of the European eel protein Anguilla anguilla agglutinin (AAA). The crystal structure of AAA shows that it has a unique protein fold representing a structurally novel family of lectins (Bianchet et al., 2002, Odom and Vasta, 2006) . The Flectin domain of oyster sperm bindin is 45% similar to the consensus sequence of the F-lectin domain in the SMART database (smart00607). In addition, each tandem F-lectin repeat in oyster bindin has the three residues that are critical for fucose binding ( Fig. 4 ; Bianchet et al., 2002) .
Fucose lectin domains are ancient, members of this protein family are present in both prokaryotes and eukaryotes, but they are not found in amniotes (birds and mammals). Proteins with Flectin domains are common in the blood of fish and amphibia where they are thought to bind pathogenic bacteria as part of the innate immune system. Most proteins containing F-lectin domains are secreted and soluble, but oyster bindin is insoluble even in the high ionic strength of seawater at pH 8. F-lectin domains are often found in tandem, possibly because multivalent binding increases the lectin affinity for its cognate ligand. For example, Xenopus laevis has a protein named Xla-PXN-FBPL that has five tandem F-lectin domains (Odom and Vasta, 2006) . Monomeric alpha-D-and alpha-L-fucose do not block the agglutination of oyster oocytes by isolated acrosomal rings. This could be because multivalency of the fucose (a fucose polymer) is necessary to create high affinity binding between sperm bindin and its egg receptor. An alternate possibility is that the overwhelming positive charge of oyster bindin (isoelectric point 10.5) creates affinity for a suite of negatively charged egg surface molecules. Ligand binding does not always depend on multivalency and many examples of proteins with only a single F-lectin domain are known. For example, the AAA lectin has only one F-lectin domain that binds fucose residues present on bacterial lipopolysaccharides (Bianchet et al., 2002, Odom and Vasta, 2006) .
Why do oysters make so many different types of bindin?
Combinatorial mechanisms of creating protein diversity are often found in biological recognition systems such as self-recognition or immune-recognition proteins (Litman et al., 2007 , Shapiro 2007 . However, no other gamete recognition protein has been found that uses combinatorial mechanisms to create such remarkable variation in its amino acid sequence. Why has oyster bindin evolved such a mechanism? Part of the answer to this question may lie in the molecular nature of the egg surface receptor for bindin. Identification and study of this receptor is our top priority. A complimentary hypothesis is that oysters evolved (134) is the last of each F-lectin repeat and differs between C-terminal clades that are spliced and those that are not spliced. The second frame shows polymorphic sites, those with amino-acid substitutions (from consensus) observed in two or more independent sequences. The third frame shows singleton substitutions, those observed only once in our data set. Polymorphic sites and singletons are not significantly spatially clustered.
bindin variability as part of the mechanism to prevent polyspermy. Typically, many sperm compete for each egg, but fusion of more than one sperm causes abnormal development and death of the resulting zygote. This creates a conflict between sperm and egg at fertilization, and the eggs of different species have evolved a number of different strategies for avoiding the entry of multiple sperm.
Sea urchin eggs have a potent electrical "fertilization potential" that blocks fusion with a second sperm (Jaffe 1976) . After fusion with the first sperm, egg membrane potential is reversed and cortical granule exocytosis occurs to create the fertilization envelope, a physical barrier that sperm cannot penetrate. Abalone eggs also have a strong reversal of the plasma membrane potential that blocks polyspermy (Stephano, 1992) , however abalone eggs have no cortical granule reaction and there is no visible change in the egg vitelline envelope or egg surface following fertilization. These mechanisms allow sea urchin and abalone eggs to effectively prevent polyspermy, even at high sperm to egg ratios. Contrary to sea urchins and abalone, freshly spawned eggs of oysters are poor at preventing polyspermy. In experimental fertilizations, eggs can fuse with a second sperm for up to 15 minutes after fusion with the first sperm (Alliegro and Wright, 1983 , Gould and Stephano, 2003 , Stephano and Gould, 1988 , Togo and Morisawa, 1999 . Microelectrode experiments show that fresh C. gigas eggs do not have an electrical block to polyspermy (Gould and Stephano, 2003) . Like abalone eggs, there are no visible changes on the oyster egg surface after fusion of the first sperm.
Oysters live in close proximity to each other and when they are gravid at least half the volume of a male can be sperm. Oyster eggs must often encounter multiple sperm at fertilization, but without a physical polyspermy block how do they avoid multiple insemination? One strategy that eggs could use to prevent polyspermy is to decrease the affinity of the sperm-egg bond to slow gamete fusion or exclude a subset of sperm. Females could accomplish this by making different forms of the bindin receptor that slightly mismatch with bindin to slow fertilization. At high sperm densities, eggs that are able to exclude some of the competing sperm would have lower rates of polyspermy (and therefore more surviving eggs) than those that cannot. Sperm competition favors exactly the opposite traits in males: sperm with bindins that increase rates of fertilization have an advantage. This general scenario has been described by sexual conflict theory (Rice and Holland, 1997) . The optimal fertilization strategies of sperm and eggs are different and this sexual conflict creates the potential for a continuous evolutionary arms race between the gamete recognition proteins of sperm and eggs. At high sperm egg ratios, sperm competition selects for the fastest sperm to fuse, but eggs are selected to prevent polyspermy by having receptors that slow sperm fusion.
This conflict of interest exists whenever sperm from multiple males compete for eggs, but the resulting dynamics of molecular evolution are very different from species to species. Abalone typically have only a single lysin allele per species, sea urchins can have 10 or more bindin alleles, and oysters have many hundreds or thousands of bindin alleles per species. We suspect that these differences in the amount of male gamete recognition protein diversity resident within species result from the various ways that eggs exclude multiple sperm. Abalone and urchins rely primarily on global mechanisms that act over the entire egg surface, the electrical, cortical and physical blocks described above. Oysters lack these mechanisms and may avoid polyspermy using an alternate mechanism, by local recognition and rejection of individual sperm.
These different mechanisms, global and local sperm rejection, change the relative intensity of the competition between sperm and the conflict between sperm and eggs at fertilization. If oyster females are able to successfully diversify their receptors to avoid polyspermy, only a few of the sperm surrounding an oyster egg would be recognition compatible with it. The relative intensity of sperm competition in this situation is reduced relative to that of abalone, for example, where any of the sperm around an egg could potentially fertilize it. Mathematical models show that diversification of male traits to match female preferences tends to happen only when the relative intensity of sperm competition is low (Hayashi et al., 2007) . In these conditions the benefit of specializing on a subset of the available female recognition types can outweigh the cost of reduced compatibility with remaining females. Selection causing male diversification can result in the separation of a single population into different mating groups, which could eventually become new species (Gavrilets and Hayashi, 2005, Hayashi et al., 2007) . Patterns of intraspecific mate compatibility have been shown to depend on bindin polymorphisms in sea urchins, and the same process could maintain diversity in oyster bindin (Palumbi 1999, Levitan and Ferrell 2006) .
Prospects
Our work on oyster bindin raises a series of interesting questions about the nature of bindin variability. First, how are the molecular mechanisms that create bindin diversity regulated and what is the functional effect of size variation? Each male has bindin cDNAs with 1 to 5 F-lectin repeats, but only one or two of these size variants are translated into protein and packaged in sperm acrosomes. We are currently working on the control regions and intron-exon structure of the genomic bindin sequence to determine if specific mRNA isoforms are selected for translation, or if bindin protein isoforms represent genomic allele size variation created by unequal crossing over. In either case, the functional consequences of bindin size variability are of interest given the importance of multivalency for binding affinity in other proteins with F-lectin domains.
Second, what is the extent of bindin variability within species, and how is this variability partitioned geographically and across speciation events? Within C. gigas, bindin has extraordinary size and sequence variability. Even after sequencing 39 full-length sequences with 107 repeats we continue to find new variants. Acrosomal proteins from the sperm of C. virginica react with the C. gigas anti-bindin. C. virginica individuals have bindin proteins of 48-63-and 75-kDa, so some size variability is retained across speciation events. Interestingly, C. araikensis and C. sikamea sperm do not contain any proteins that react with the anti-bindin even though antibodies were made to the entire C. gigas 63-kDa bindin protein. Shared bindin sequence polymorphism in C. gigas and C. virginica may allow us to predict bindin polymorphisms that are likely to be involved in reproductive isolation between these species. Our samples of C. gigas are currently all from cultured individuals, but study of the distribution of polymorphisms across biogeographic clines in C. virginica should shed light on how bindin variability is distributed within natural populations (Hare and Avise 1996) .
Third, what are the evolutionary processes that maintain bindin diversity within species, and what is the importance of this diversity in sperm-egg recognition at fertilization and in speciation? It is now clear that many reproductive proteins in many different species are subject to strong divergent selection. In general, conflicts of interest, similar in principle to the sexual conflict over polyspermy rate, are likely to be the cause of this broad evolutionary pattern. A related question asks about the selective mechanisms that cause reproductive incompatibility between closely related species. To answer this question we must study the very earliest stages of the process to determine which changes initiate reproductive isolation and which follow it.
Of particular interest is the identification and sequencing of the egg surface receptor for bindin. Existing egg receptors: the sea urchin egg bindin receptor (Kamei and Glabe, 2003) and the abalone egg lysin receptor VERL (Galindo et al., 2003) , contain tandem repeats and have a history of positive selection between species. The polyspermy avoidance mechanism described above predicts that the bindin egg receptor will also be extraordinarily diverse. Once we determine the oyster egg receptor for bindin, it will be interesting to see what molecular mechanisms underlie receptor diversity and to examine the relationship between bindinreceptor interaction and sperm-egg compatibility within oyster populations.
